Purpose: To systematically review and meta-analyze the added value of 3-dimensional (3D) image fusion technology in endovascular aortic repair for its potential to reduce contrast media volume, radiation dose, procedure time, and fluoroscopy time. Methods: Electronic databases were systematically searched for studies published between January 2010 and March 2016 that included a control group describing 3D fusion imaging in endovascular aortic procedures. Two independent reviewers assessed the methodological quality of the included studies and extracted data on iodinated contrast volume, radiation dose, procedure time, and fluoroscopy time. The contrast use for standard and complex endovascular aortic repairs (fenestrated, branched, and chimney) were pooled using a random-effects model; outcomes are reported as the mean difference with 95% confidence intervals (CIs). Results: Seven studies, 5 retrospective and 2 prospective, involving 921 patients were selected for analysis. The methodological quality of the studies was moderate (median 17, range 15-18). The use of fusion imaging led to an estimated mean reduction in iodinated contrast of 40.1 mL (95% CI 16.4 to 63.7, p=0.002) for standard procedures and a mean 70.7 mL (95% CI 44.8 to 96.6, p<0.001) for complex repairs. Secondary outcome measures were not pooled because of potential bias in nonrandomized data, but radiation doses, procedure times, and fluoroscopy times were lower, although not always significantly, in the fusion group in 6 of the 7 studies. Conclusion: Compared with the control group, 3D fusion imaging is associated with a significant reduction in the volume of contrast employed for standard and complex endovascular aortic procedures, which can be particularly important in patients with renal failure. Radiation doses, procedure times, and fluoroscopy times were reduced when 3D fusion was used.
Introduction
Endovascular aortic procedures are performed using fluoroscopy and digital subtraction angiography (DSA), which rely on the administration of iodinated contrast media and the use of ionizing radiation. 1 With increased complexity of the vascular anatomy and the procedures, the volume of iodinated contrast employed may increase substantially. Reducing the amount of contrast during endovascular aortic procedures is relevant because of its potentially nephrotoxic effects in patients with renal failure. [2] [3] [4] [5] [6] Furthermore, procedure complexity may increase the number of imaging series, increasing the radiation dose and procedure time.
Since its first report in 2011, 7 fusion imaging guidance during endovascular aortic interventions has become more widespread. Three-dimensional (3D) image fusion involves the registration of a preoperative computed tomography angiography (CTA) or magnetic resonance angiography (MRA) image to a cone-beam computed tomography (CBCT) image (3D-3D registration) or 2 fluoroscopic orthogonal images (2D-3D image registration) for guidance during aortic procedures. The CTA or MRA image is manually registered to the CBCT based on landmarks, such as bone structures, clips, and, in case of a preoperative CTA, aortic wall calcifications. When an accurate alignment is achieved, the segmented vascular roadmap can be visualized on the 2D fluoroscopy screen, where the preoperative data set will follow the movements of the table and the C-arm. 8, 9 The acquisition and registration process requires several minutes and usually takes place during patient preparation. Depending on the experience of the operator with the image fusion technique, the number of DSA runs can be decreased. In this manner, image fusion can potentially reduce the amount of iodinated contrast, radiation dose, procedure time, and fluoroscopy time. 2, 8 The technique of 3D image fusion has been reported in a variety of endovascular procedures. Dijkstra et al 7 were the first to perform fenestrated endovascular aneurysm repair (FEVAR) using CBCT image fusion. Kobeiter et al 10 reported the first case of thoracic endovascular aortic repair (TEVAR) without contrast by using only 3D overlay techniques. More recent studies show a reduction in the amount of administered iodinated contrast for EVAR and TEVAR [(T)EVAR] procedures of varying complexity. 11, 12 Although several studies have reviewed the registration technique for CBCT image fusion and its different applications, 1,2,8,9,13-15 a systematic review of the impact of 3D image fusion on (T)EVAR procedures is lacking. This study sought to systematically review available reports describing the use of preoperative CTA or MRA for 3D image fusion in (T)EVAR procedures and to pool the outcomes regarding the amount of iodinated contrast administered. Secondary goals were to collect data on radiation dose, procedure times, and fluoroscopy times.
Methods

Literature Search
A literature search was performed using PubMed/ MEDLINE, Embase, and the Cochrane Database of Controlled Trials databases to identify English-language clinical studies published between January 2010 and March 2016 on 3D image fusion during (T)EVAR procedures. A broad search was created with the following MeSH terms: "software" OR "computer-assisted surgery" OR "multimodal imaging" OR "cone-beam computed tomography" OR "interventional radiology" OR "fluoroscopy" OR "three-dimensional imaging" OR "angiography" in combination with (AND) "overlay" OR "fusion" OR "roadmap." To avoid missing recent publications without MeSH terms, the same keywords, including all combinations of these keywords, were added as free-text terms to the search. The search terms were limited to the title and abstract; only citations with full text articles available were retrieved.
Inclusion/Exclusion Criteria and Data Collection
Two reviewers (S.R.G. and S.G.H.H.) independently reviewed the title and abstract of identified articles to select those that indicated the use of CTA or MRA images overlaid on live 2D fluoroscopy for guidance during (T)EVAR. Case reports (n<5), letters to the editor, technical descriptions of image fusion, and articles without a 3D image control group were excluded.
The selected articles were compared between the reviewers and if one or both considered an article eligible, both reviewers evaluated the full text version. The reference lists of the eligible articles were crosschecked to identify additional relevant studies that might have been missed during the individual search. If necessary, authors were contacted for clarification of the data.
The reviewers extracted from the selected studies data on the year of publication, study design, number of patients in each study group, type and location of the procedure, preoperative imaging technique, image fusion method (ie, 3D-3D or 2D-3D registration), registration time for 3D image fusion, contrast volume, radiation dose, fluoroscopy time, and procedure time.
Quality Assessment
The 12-item Methodological Index for Non-Randomized Studies (MINORS) 16 scoring system was used to assess the methodological quality of the studies (0 = not reported, 1 = reported but inadequate, or 2 = reported and adequate). The scoring was independently performed by 2 reviewers (S.R.G. and S.G.H.H); in case of any discrepancies, the opinion of a third reviewer (A.M.S.) was sought until consensus was reached. Of the maximum score of 24, ≤14 is considered poor quality; scores between 15 and 22 indicate moderate quality, and ≥23 is good quality.
Outcome Measures and Data Analysis
The primary outcome measure was the amount of administered iodinated contrast used. Secondary outcome measures were radiation dose [dose area product (DAP, Gy·cm 2 ), cumulative air kerma (AK, mGy), or skin dose (SD, mGy)], overall procedure time, and fluoroscopy time.
Pooled data analysis was performed using a randomeffects model for the primary outcome measure (volume of iodinated contrast) only. Because of the potential bias in nonrandomized data, differences in outcome measure units for radiation dose, and missing definitions of procedure times and fluoroscopy times in some of the included studies, the secondary outcome measures were not pooled.
The presence of heterogeneity was examined using forest plots, chi-square heterogeneity tests, and the I 2 indexes. To minimize heterogeneity, procedure type was dichotomized into standard infrarenal procedures [(T)EVAR] and complex procedures [FEVAR, branched EVAR (BEVAR), and chimney EVAR (chEVAR)]. 17 Outcome measures described as medians were recalculated to means to perform the meta-analysis, which was conducted using MetaAnalyst software (version 3.1; Tufts University, Medford, MA, USA).
Results
Included Studies
The queries in the databases yielded 6049 articles, of which 5968 were excluded after the initial screening ( Figure 1 ). Of 81 articles identified from the initial title and abstract search, the reviewers selected 26 articles using 3D image fusion for the full-text evaluation. No additional articles were identified after a crosscheck of references. Of the 26 articles, 7, [10] [11] [12] 19 were excluded because of (1) a small sample size (<5) 10, 27, 28, 33, 36, 40 or lack of a control group, [24] [25] [26] 34, 37 or (2) an intervention other than (T)EVAR. 23, [29] [30] [31] [32] 35, 38, 39 Seven articles 7, 11, 12, [18] [19] [20] [21] fulfilled the inclusion criteria. Characteristics and outcomes of the included studies are summarized in Table 1 .
Of the 921 patients in the study articles, 337 were treated under fusion guidance and 584 without the 3D image fusion technique. None of the studies was a randomized controlled trial; 5 articles were retrospective studies 7, 11, [18] [19] [20] and 2 had a prospective design. 12, 21 All studies used preoperative CTA for fusion; Stangenberg et al 19 employed preoperative MRA in 1 of 32 patients. Registration time was approximately 2 to 5 minutes. 12, [19] [20] [21] Three studies used Siemens Syngo fusion software (Siemens, Erlangen, Germany), 2 used Philips' XtraVision (Philips Healthcare, Andover, MA, USA), and the remaining articles used Philips' VesselNavigator or Innova Vision (General Electric Medical Systems, Milwaukee, WI, USA).
The median MINORS score for the selected articles was 17 (range 15-18; Figure 2 ). All studies were of moderate quality; none of the studies utilized a power calculation. The control groups were adequate for all 7 studies; however, only in the study by Stangenberg et al 19 were the intervention and control groups treated in the same time period.
Description of Studies
Two articles described prospective data. In Hertault et al, 12 102 patients were prospectively enrolled from December 2012 to July 2013 in a study comparing a hybrid room group and a previously published prospective C-arm cohort The control group was a previously published prospective cohort in which the fluoroscopy time was recorded differently from the study group, so no comparison was made for this variable. The calculated means for contrast use in the intervention vs control groups were, respectively, 105±48.9 vs 226±94.8 mL for FEVAR (p=0.03) and 59±18.5 vs 80±30.7 mL for EVAR (p=0.34). The median DAP was significantly reduced in the bifurcated EVAR, BEVAR, and FEVAR groups (p<0.01).
Patients undergoing FEVAR/BEVAR in the study by Sailer et al 21 were prospectively included in the fusion guidance group (n=31). Retrospective case controls treated between 2010 and 2013 were matched with the fusion patients according to procedure complexity. The mean volume of contrast in the fusion group was 159±40 mL (95% CI 132 to 186) vs 199±43.7 mL (95% CI 170 to 229) in the control group (p=0.037). Mean procedure time was significantly shorter in the fusion group [312 minutes (95% CI 270 to 354) vs 378 minutes (95% CI 324 to 432), p=0.022].
In the retrospective study from Stangenberg et al, 19 32 patients undergoing EVAR between January 2011 and April 2014 were matched according to body mass index in the fusion group (n=16) and the control group (n=16). The amount of contrast was significantly lower in the study group (37.4±21.3 vs 77.3±23.0 mL, p<0.001). Radiation exposure (p=0.004), procedure time (p=0.005), and fluoroscopy time (p=0.01) were also significantly lower in the study group.
Tacher et al 20 Furthermore, overall median contrast and radiation dose were significantly reduced (p<0.001). Procedure time was reduced, but this was significant only in the TAAA BEVAR/ FEVAR group (p=0.007).
McNally et al
18 retrospectively reviewed data from 31 patients (3D-CT fusion group) undergoing FEVAR with image fusion and compared this with a 41-patient control group treated in the 12 months before the availability of the new hybrid room. Intravascular ultrasound was used to determine branch vessel locations before device deployment. Contrast use was significantly lower in the 3D-CT group than in the control group (34±15 vs 86±25 mL, p<0.001), which remained significant even when the groups were divided into 2-vessel and 3/4-vessel FEVAR. Furthermore, AK radiation exposure (2200±1300 vs 5000±280 mGy, p<0.001) was significantly reduced. Procedure times were shorter in the study group but were significant only in the 3/4-vessel FEVAR subgroup. In addition, fluoroscopy time (55±21 vs 84±36 minutes, p=0.004) was significantly shorter in the 3D-CT group.
Pooled Data
For standard (T)EVAR procedures, the estimated pooled mean difference revealed a significant reduction of 40.1 mL (95% CI 16.4 to 63.7, p=0.002) in contrast use in favor of the 3D image fusion technique. The level of heterogeneity was high (I 2 =85%; Figure 3A ). For complex EVAR procedures, the estimated pooled mean difference showed a significant reduction of 70.7 mL (95% CI 44.8 to 96.6, p<0.001) in contrast administration, with a high heterogeneity among the studies (I 2 =87%; Figure 3B ).
Discussion
This systematic review of guidance techniques in standard and complex (T)EVAR procedures showed a significant decrease in contrast use between the 3D image fusion and control groups. Six of the 7 studies reported lower radiation doses for the procedures employing 3D fusion; 4 were significant reductions in the DAP or AK. Radiation dose may be further reduced by fusing 2 fluoroscopic orthogonal shots instead of a CBCT image during registration. A simulation by van den Berg 15 estimated that CBCT results in an effective dose of 1.53 to 1.66 mSv, whereas 2 fluoroscopic orthogonal shots can be acquired with a considerably lower effective dose of 0.14 to 0.20 mSv. Of note, these values may be lower or higher depending on the patient's body mass index and exposure conditions (eg, voltage, field size, and position). Hertault et al 12 and Stangenberg et al 19 both used this 2D-3D registration technique, which may explain their reported significant reduction in radiation dose. Furthermore, the 2D-3D registration method is described as fast and easy. 12, 15 However, Stangenberg et al 19 preferred 3D-3D registration, which they believed was more accurate even though it required more radiation.
None of the included studies measured registration accuracy, although inaccuracies in overlays were observed. 21 Accuracy measurements were, however, performed in some of the excluded studies. [23] [24] [25] [26] Nonetheless, registration accuracy needs further investigation. Furthermore, the effects of registration inaccuracies on study outcomes remain unclear. In addition, all studies postulated that fewer angiographies will be required with growing experience and confidence in the 3D image fusion technique, which in return may result in an even greater reduction in contrast use and possibly radiation dose. Because of the differences in reported radiation dose units (ie, DAP, AK, or SD), the radiation doses were not pooled.
Fluoroscopy times were decreased in 6 of the 7 studies, but only 3 studies reported a significant difference. Notably, the significance in the study of Stangenberg et al 19 may be based on the large reduction in fluoroscopy time in the 3DA group, not necessarily because of fusion imaging. Because fluoroscopy time can refer to the "on-pedal" time or the summation of X-ray pulse lengths and the definition was not always provided, data on fluoroscopy time were not pooled.
Seven articles reported procedure times, most of which were reduced; only 4 showed a significant difference though. McNally et al 18 was the only study to define procedure time (from skin incision/puncture to bandage application). Thus, procedure time can depend on many factors, such as the operators' experience or perioperative complications. Most of the studies 11, [18] [19] [20] [21] mentioned that the same surgeons performed the procedures to minimize the influence of operator experience. However, perioperative complications (eg, blood loss, renal dysfunction, arterial thrombosis, or dissection) were reported only by McNally et al. 18 They discussed that blood loss was favorably affected by the 3D image fusion. However, one could argue that the significantly higher amount of blood loss in the no-fusion group might have resulted in longer procedure times, hence the significant difference in overall procedure time. To be able to give a correct representation of the possible reduction in procedure time when 3D fusion imaging is used, external factors (eg, perioperative complications) that could influence the total procedure time should be minimized. Because of the aforementioned external factors that affect procedure duration and the lack of definitions for procedure time, this outcome measure was not pooled.
The difference in the results of the secondary outcome parameters among the studies might also be a consequence of the quality of image fusion, which can be influenced by the CTA/MRA image quality, type of registration, and the procedure setup. Further studies need to evaluate optimal conditions for fusion guidance with respect to effects on secondary outcome measures.
One disadvantage of the fusion imaging technique is the initial cost to buy a new software package if needed. Moreover, it takes around 10 minutes to perform the CBCT scan and to register the images, which requires trained personnel. 14 In the absence of trained personnel, operators will likely avoid using this technique because it demands additional actions that may require extra time, especially when not used regularly. In addition, a learning curve may exist for the fusion imaging technique, but any influence of the learning curve on the outcome measures was not investigated. The contribution of multimodality image guidance to interventional procedures, notably vascular, is at present dependent on operators who were previously accustomed to C-arm use, particularly in operating theaters. Any relationship between the sample size of the included studies and the outcome measures could not be determined.
Another limitation to the technique is fusion inaccuracy caused by (1) differences in acquisition between the preoperative CTA/MRA and intraoperative CBCT, (2) patient movement, or (3) rigid registration (ie, the insertion of stiff guidewires can lead to vessel deformation). Unfortunately, the included studies did not measure fusion inaccuracies or their effect on the intervention and outcome measures. Despite possible inaccuracies, the overlay can still serve as a rough guide to the physician. It is expected that registration time and fusion inaccuracies may be reduced with growing experience, which may be beneficial for the fusion imaging technique. However, future studies should be conducted to report any influence of a learning curve on the 3D image fusion technology.
Limitations
A limitation in the current analysis was the relatively small patient numbers and high heterogeneity among the study groups. None of the included studies was a randomized controlled trial. The 2 prospective studies 12, 21 implied risk of bias caused by selection of the controls and/or differences in operator experience; the remainder of the studies had a retrospective design. Furthermore, the included studies were of moderate methodological quality. Finally, pooling of the data was possible only for the primary outcome measure because of the potential for bias of nonrandomized data, difference in radiation dose units, and missing definitions for procedure time and fluoroscopy time in some of the included studies.
Conclusion
Compared with standard roadmapping, 3D fusion imaging is associated with a significant reduction in the amount of contrast used for standard or complex (T)EVAR procedures. The latter seems to have a larger potential for reduction. Radiation doses, procedure times, and fluoroscopy times were reduced in most studies, although not always significantly, when 3D fusion imaging was used. Broad application of this technique seems to be useful in daily clinical practice.
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